Hydrogen storage in a model b.c.c. metallic nanoparticle was simulated by molecular dynamics method by changing length and energy parameters of metal-H bonds. A global image of hydrogen storage from the gas phase into the metallic nanoparticle was successfully reproduced by a single simulation. In case of weak metal-H bonds, hydrogen atoms rapidly diffuse into the particle and distribute homogeneously. The amount of absorbed hydrogen is maximized at optimized bond length, and decreases for both longer and shorter bonds. In case of strong metal-H bonds, hydrogen atoms localize in a shell-like layer near the particle surface and their inward diffusive motions are suppressed. Such a trapping phenomenon of hydrogen atoms near the surface is caused by low hydrogen diffusivity and lattice deformation due to the hydrogen absorption.
Introduction
Hydrogen storage is the fundamental technology to realize efficient and safety hydrogen transportation for fuel cell vehicles. In order to improve the storage capabilities in both volume and weight ratios, many studies have been carried out experimentally and theoretically. Atomistic simulation by first principles or classical molecular dynamics (MD) is useful to investigate the microscopic mechanisms of hydrogen storage phenomena. Recent progresses in computational capacity and the density functional theory make possible to analyze the structural and electronic properties of hydrogen storage materials especially in crystalline phase. 1) First principle calculation can be used to various materials without using adjustable parameters but is unsuitable for complex phenomena due to the limits on both system size and simulation time. Classical MD simulation is applicable to complex structures and dynamical behaviors at desired temperatures 2) although it requires empirical potential functions for the target composition.
In the case of metallic system, the EAM potentials are widely used to interpret the interaction between metallic and hydrogen atoms. The potential parameter values for metalhydrogen interaction have been proposed by several authors [2] [3] [4] which reproduce the experimental values such as the heat of solution of hydrogen in the lattice. They were successfully applied to the phenomena in larger scales in both length and time than the first principle calculation such as hydrogen diffusion in metals 4) and hydrogen induced dislocation motion. 5, 6) In spite of these simulation studies, a global image of hydrogen storage covering the hydrogen behaviors from gas phase to bulk region has not fully investigated by atomistic simulation yet. The actual hydrogen storage phenomenon is too complex to be dealt with classical MD, and the lack of reliable potential parameters for desired compositions makes the situation more difficult.
In this study, the authors try to show a global image of hydrogen storage phenomenon by classical MD with a simple model composed of a metallic spherical nanoparticle with surrounding hydrogen gas. The interatomic potential between metallic and hydrogen atoms is treated as variable by assuming several values for potential parameters, hence the model is considered not for a specific storage material but for different hypothetical compositions. We call such a way of simulation as 'parameter physics'. Parameter physics by classical MD is useful to find a key mechanism in complex phenomenon in multivariate system. For example, Katagiri and Onodera 7) investigated hydrogen-induced amorphization by assuming atomic radius as a fundamental variable and successfully explained the difference in the phase after hydrogen absorption. It is also important to know the difference in the simulation results by changing the parameter values for checking the reliability. The present study is intended to reproduce the hydrogen storage phenomenon in a simple model and to show the variation due to the potential parameters.
MD Simulation
In order to simulate the hydrogen absorption into storage materials from gas phase, a computational model composed of isolated nanoparticle and surrounding hydrogen gas was considered. Figure 1 shows the schematic diagram of the model. A spherical particle of 10 nm in diameter locates at the center of periodic cubic cell. Hydrogen atoms were initially arranged in the face-centered cubic lattice with lattice constant of 0.3 nm within a octahedral space at the corner of the periodic cell. After starting MD at the ambient temperature, hydrogen atoms rapidly evaporate from the crystal due to the H-H repulsive forces and form a gas phase outside the nanoparticle. This model has several merits for simulating hydrogen storage. Firstly, absorption of hydrogen into nanoparticle from gas phase can be simulated within a single model. Hydrogen diffusion due to the concentration gradient inside the particle can also be simulated. Secondly, the particle surface covers all surface indices therefore multiple simulation by changing surface indices is unnecessary. Finally, the nanoparticle is free from periodic boundary conditions hence structural changes such as dislocation motion, phase transformation or grain boundary generation are possibly reproduced.
The potential energy E assumed in this study is expressed by,
where V iÀ j is the pair potential between atoms i and j as a function of the distance r ij , F is the embedded function, and i is the electronic density at atom i due to the surrounding atoms. Every term in eq. (1) can be considered as the variable part for the parameter physics. In this study, only the metal-H pair term, V
Me-H , is assumed to be variable. The metal-metal interaction is fixed to be the one proposed by Finnis and Sinclare 8) for b.c.c. iron. The metal-H pair interaction is assumed to be variable in the form,
where Ár and " are the bond length and energy parameters for the parameter physics. As the reference function for V Me-H , we used the potential function V Ruda proposed by Ruda et al. 3) for Fe-H pair expressed by,
where H is the Heaviside step function and a k and r ak are the fitting parameters given in reference 3). For the parameter physics we assume the values Ár ¼ 0, À0:5, À1 and À1:5 nm and " ¼ 1, 4, 8 and 10. The resulted potential curves for V Me-H by eq. (2) are shown in Fig. 2 . The H-H pair interaction is fixed to the one given by Ruda et al.
3) The EAM part relating to H atoms in eq. (1) was omitted in this study so as to avoid the awkward discussion on the relation between Ár and i and to clarify the dependency on the assumed pair potential V
Me-H . It should be noted that hydrogen exists as monoatomic molecules in the gas phase due to the repulsive pair force, which means that dissociation and association processes of hydrogen at nanoparticle surface cannot be simulated. Hence we limit our discussion to hydrogen dynamics after absorbing to the surface layer.
MD simulation was carried out by constant-NVE basis. 9) Initial temperature of the system is adjusted to 300 K. Temperature of the system will significantly increase during the hydrogen absorption into the particle by releasing the potential energy of hydrogen atoms. In order to avoid the undesirable heat up, minimum times of the velocity scaling were inserted to keep the temperature near 300 K within the deviation of about 20 K. The number of atoms are 44 400 for metal and 39 500 for H, and the side length of cubic periodic cell was selected in the range from 12 to 25 nm. The MD simulation was carried out by using the original parallel MD code 10) on a cluster computer composed of 24 nodes, 192 cores.
Results
As for the parameter physics, we first focus on the dependency on the radius parameter Ár. Figure 3 shows the number density distributions of metallic and H atoms in the simulated systems at 80 ps for Ár ¼ 0, À0:5, À1 and À1:5 nm with " ¼ 1. We define the number density as a function of distance R from the particle center and as the scaled value per volume of the metallic b.c.c. unit cell. The origin of time is set at the moment when the hydrogen atoms evaporated from the initial crystal contacted to the nanoparticle surface. In the case of Ár ¼ 0 nm, distribution of H atoms has a peak at R ¼ 5 nm and turned to zero in the lower R region. It means that hydrogen atoms in the gas phase simply adhere to the nanoparticle surface and do not migrate into the particle. This result is reasonable because the original Fe-H pair function by Ruda et al.
3) gives a repulsive force in the present b.c.c. lattice. In the case of Ár ¼ À0:5 nm, on the other hand, small amount of hydrogen of about 0.06 atom/unit cell can be absorbed with fairly flat distribution inside the nanoparticle. The number density of hydrogen reaches its maximum value of about 0.35 atoms/unit cell at Ár ¼ À1 nm, and then decreases to about 0.23 atoms/unit cell at Ár ¼ À1:5 nm. It suggests that too short metal-H bond is not effective for hydrogen storage. Distributions of metallic atoms given in the lower part of Fig. 3 , on the other hand, show no significant difference for all Ár. The strong oscillatory features at small R region in both H and metallic atoms distributions are resulted by poor statistics near the particle center.
Dependency on the energy parameter " is shown in Fig. 4 for " ¼ 1, 4, 8 and 10 with Ár ¼ À1 nm at 80 ps. In cases of " ¼ 1 and 4, distributions of H atoms inside the particle are fairly flat. Inhomogeneous distribution of H atoms, on the other hand, is found for larger " values. In these cases, most of the H atoms are trapped near the surface and their inward migrations are suppressed. Thicknesses of the hydrogen-rich layers are estimated to be roughly 2 nm and 1 nm for " ¼ 8 and 10, respectively. Ratios of the number density in hydrogen-rich region to the one in hydrogen-poor region are about 2 : 1 and 10 : 1 for " ¼ 8 and 10, respectively. Such heterogeneous distribution for high " value was observed more than 200 ps in the long MD simulation. Corresponding to the formation of hydrogenrich layer for " ¼ 8 and 10, metallic atom distribution is also modified near the surface: the number density increase at R $ 4:5 nm and decreases just beneath the surface. It suggests that the metallic lattice is deformed near the surface by hydrogen absorption.
It should be noted that the assumed side lengths of the periodic MD cell in Figs. 3 and 4 are different, and hence the number densities of H atoms inside the particle are not identical in both cases for Ár ¼ À1 nm and " ¼ 1. Even for the difference, ratios of the number densities of H atoms inside the particle to those in the gas phase are fairly identical, about 3:5 : 1. Figure 5 shows two-dimensional images on the formation of hydrogen-rich layer in a crosssection passing through the particle center for " ¼ 1, 4 and 10 with Ár ¼ À1 nm. In comparison with the cases of " ¼ 1 and 4, inward diffusion of H atoms for " ¼ 10 is slow and the trapping effect of H atoms near the surface is clearly recognized. In all cases, angular distribution of hydrogen atoms is fairly symmetrical, and no clear evidence for any asymmetric behavior on the surface indices or lattice orientation was recognized. 
Discussion
The present study is successful to reproduce the global image of hydrogen storage from the gas phase into the metallic nanoparticle within a single MD simulation. Although the hydrogen gas in the present model is composed of monoatomic molecules, dynamics of H atoms from the surface to the particle inside was clearly recognized. Low capacity of hydrogen storage for Ár ¼ 0 and À0:5 nm shown in Fig. 3 is acceptable because long metal-H bonds prevent the migration of H atom from the surface. In the case of short bond with Ár ¼ À1:5 nm, on the other hand, capacity of hydrogen absorption decreases compared with the case of Ár ¼ À1 nm. It is because the potential energy of H atom at the interstitial site is higher than that for the ideal bond length.
The shell-like structure of hydrogen-trapped layer at the surface for large " value is an unexpected result. Strong metal-H bonds suppress the diffusive motion of H atoms toward the next absorbing sites, and hence prevent the inward migration from the surface layer. Ishido et al. 11) reported on the formation of hydride layer at the surface of Mg base alloys which prevents the hydrogen storage in the bulk region. The present result has a similarity to such hydride layer at the surface. The MD simulation also suggested another reason for the formation of surface layer: deformation of metallic lattice by the hydrogen absorption at the surface as shown in Fig. 4 .
As mentioned above, combination of classical MD and parameter physics is useful to investigate the fundamental mechanism of hydrogen storage. The computational model assumed in this study is also applicable to hydrogen storage using nanoclusters. Recently, nanoclusters have been expected as the candidate for hydrogen storage. 12, 13) The reported sizes of the cluster are 3.6 nm 12) and 2-5 nm 13) which are comparable to the one assumed in the present study. Additionally, Natter et al. 14) reported on hydrogen solubility in a bulk nanocrystalline Pd with the typical grain size of 17 nm. The present MD model can be applied to such novel storage materials and is expected to contribute to their future progresses.
Summary
Hydrogen storage in a metallic nanoparticle was investigated by classical MD simulation with parameter physics on bond length and energy parameters of metal-H pair potential. Capacity of hydrogen storage in nanoparticles reaches its maximum at the appropriate value for bond length parameter Ár, and decreases for both shorter and longer bonds. Radial distribution of hydrogen inside the nanoparticle is strongly dependent on the energy parameter ". In the case of strong metal-H bond, shell-like structure of hydrogen-trapped layer near the surface was simulated which has a similarity to the hydride layer observed in Mg base alloys experimentally. Inhomogeneous distribution of hydrogen inside the particle was found to be caused by suppressed diffusive motion of hydrogen and metallic lattice deformation due to hydrogen absorption. It would be interesting to extend the present MD method to other observations relevant to the hydrogen storage materials.
